INTRODUCTION
============

Multiple myeloma (MM) is characterized by the clonal proliferation of plasma cells and their accumulation within the bone marrow (BM) \[[@B1]\]. Over the past few years, one or more new agents have been incorporated into the treatment paradigm of patients with MM, increasing survival rates of MM patients \[[@B2]\]. The prognoses of patients with MM are highly variable. While a portion of patients survive over a decade after their diagnosis, a small subset at the other end of the spectrum exhibits a highly aggressive course \[[@B3]\]. Prognostic factors for MM have been suggested, and the International Staging System (ISS) is most widely applied. It stratifies patients by their albumin and β2-microglobulin (β2M) levels \[[@B4]\]. The presence of genetic abnormalities in plasma cells has been considered to be an important prognostic factor, and several genetic abnormalities have been extensively investigated during the past decade \[[@B5]-[@B7]\]. Although many genetic abnormalities are amenable to detection by conventional cytogenetics, their detection is impaired by the relatively low rate of proliferation and, consequently, the low proportion of cells in metaphase \[[@B3]\]. Some aberrations are cryptic and cannot be detected by conventional cytogenetics. These limitations can be overcome in part by interphase FISH \[[@B8], [@B9]\].

We retrospectively reviewed a database of patients with MM from a single institute in Korea in order to assess the incidence of genetic abnormalities and their relationships with clinical parameters and prognosis.

METHODS
=======

1. Patients
-----------

A total of 130 patients with de novo MM were enrolled. The demographic, laboratory, and clinical parameters of the patients are listed in [Table 1](#T1){ref-type="table"}. Among them, 47 (36.2%) of the patients were administered novel agents, including bortezomib or thalidomide, and 39 patients underwent hematopoietic stem cell transplantation (HSCT) \[[@B10]\]. The study was performed according to the Declaration of Helsinki and approval for this study was obtained from the Institutional Review Board of St. Mary\'s Hosptial, The Catholic University of Korea (KC09EISI0393).

2. Conventional cytogenetics and interphase FISH
------------------------------------------------

Chromosomal analyses were performed by diagnosis of short-term cultures of BM specimens and standard conventional cytogenetic protocols. At least 20 metaphases were analyzed in each case, and the clonal abnormalities were classified according to the 2009 international system for human cytogenetic nomenclature (ISCN) guidelines \[[@B11]\].

All samples were investigated with interphase FISH with the following probes: LSI *IGH* Dual Color, Break Apart Rearrangement Probe, LSI *IGH/CCND1*, *IGH/FGFR3*, *IGH/MAF* dual color, dual fusion translocation probe, LSI TP53 (17p13.1)/CEP 17 probe, and LSI 13 (*RB1*) 13q14 probe (Vysis Inc., Abbott Laboratories, Abbott Park, IL, USA). BM cells from routine cytogenetic preparations were used. The results were considered abnormal if the percentage of nuclei with abnormal signals exceeded the normal reference ranges. The following cut-off levels for positive results were set according to the European Myeloma Network recommendations: 10% for the *IGH* break apart probe and for both translocations and 20% for deletion 13q14 (del(13q)) and for deletion 17p13 (del(17p)) \[[@B12]\].

3. Free light chain (FLC) measurements
--------------------------------------

FLC measurements were determined with a commercial kit (FREELITE, The Binding Site Group Ltd., Birmingham, UK) on a Toshiba 200 FR Neo analyzer (Toshiba Medical Systems Corporation, Tokyo, Japan). The ratio of involved to uninvolved FLC (FLC ratio) was calculated, and 277 was used as a cutoff value. The absolute difference between the involved and uninvolved FLC (FLC diff) was also calculated, and 185 was adopted as a cutoff value, as described previously \[[@B13]\].

4. Statistical analyses
-----------------------

The associations between genetic abnormalities and clinical parameters were analyzed by Pearson\'s Chi-square tests and Fisher\'s exact tests. The Kaplan-Meier method was used to estimate the probability of survival. The statistical significance of the factors that were associated with overall survival (OS) was investigated by univariate and multivariable Cox proportional hazards regression models. Hazard ratios (HR) and their 95% confidence intervals (CI) were computed. Statistical significance was defined as *P* values that were less than 0.05. All of the statistical analyses were performed with MedCalc software 9.0 (MedCalc Software, Ostend, Belgium).

RESULTS
=======

1. Incidence of genetic abnormalities
-------------------------------------

Abnormal karyotypes were detected in 42.3% (55/130) of the patients. Patients with 1-2 karyotypic abnormalities made up 11.5% (N=15) of the patients, while a complex karyotype was observed in 30.8% (N=40) of the patients. Thus, 72.7% of all abnormal karyotypes corresponded to a complex karyotype. Hypodiploidy was observed in 7.7% (N=10) of all patients, and all of them were included in the complex-karyotype group. Hyperdiploidy was detected in 16.9% (N=22) of the patients with conventional cytogenetics. After including the results from the FISH analysis, 82 patients (63.1%) exhibited genetic abnormalities.

A 14q32 rearrangement was detected in 29.2% (N=38) of the patients, and these most commonly included t(11;14), which was followed by t(4;14) and t(14;16) (16.2%, 11.5%, and 0.8%, respectively). del(13q) was a common genetic abnormality, and it had an incidence of 26.9% (35/130). Sixty percent (9/15) of the patients had t(4;14) and del(13q), and this incidence was significantly higher than patients without t(4;14) (22.6%, *P*=0.002). A Gain of 1q21 (1q+) was found in 16.9% (N=22) of the patients, and all of them were included in the complex-karyotype group. The incidence of del(17p) was 10.8% (N=14), and 78.6% of them (11/14) also contained del(13q).

2. Association of genetic abnormalities and clinical parameters
---------------------------------------------------------------

The associations of genetic abnormalities and clinical and laboratory parameters are listed in [Table 2](#T2){ref-type="table"}. Low hemoglobin (Hb\<10 g/dL) levels were associated with abnormal karyotypes, complex karyotypes, hyperdiploidy, del(13q), and del(17p). Low platelet counts (\<150×10^9^/L) were frequently found in patients with abnormal karyotypes, complex karyotypes, hypodiploidy, or del (17p). High plasma cell burdens (≥40%) were associated with abnormal karyotypes, complex karyotypes, hypodiploidy, del (13q), and 1q+. High β2M levels (≥5.5 mg/dL) and high ISS stages were frequently found in patients with abnormal karyotypes and complex karyotypes. t(11;14) was associated with higher albumin levels (albumin\>3.5 g/dL). t(4;14) was more common in patients who were over 60 yr of age, and del (17p) was associated with decreased renal function, as indicated by high creatinine (Cr) levels (Cr ≥1.2 mg/dL). A high FLC ratio and FLC diff were associated with high plasma cell burdens (*P*=0.007 and *P*=0.002, respectively), abnormal karyotypes (*P*=0.020 and *P*=0.020, respectively), and 1q+ (*P*=0.019 and *P*=0.001, respectively). High FLC ratios were associated with 14q32 rearrangements (*P*=0.047). The median (range) of the FLC ratios of patients with 14q32 rearrangements and negative controls were 158.7 (1.0-15,325.0) and 55.4 (0.6-2,807.5), respectively.

3. Prognostic analysis
----------------------

### 1) Survival

The median survivals in months according to genetic abnormalities are listed in [Table S1](#S1){ref-type="supplementary-material"} (supplemental data; available in online). The median follow-up duration was 60 months (minimum-maximum, 6-575 months). A total of 25 of the 130 patients (19.2%) died during the study. Novel agents, including bortezomib or thalidomide, were administered to 47 (36.2%) of the patients, and 39 (30.0%) patients underwent HSCT. Their OS rates were comparable to patients who did not receive novel agents or HSCT. The median OS of patients with the complex karyotype was 46 months (95% CI, 28.9-63.1), which was less than those for patients with 1-2 abnormalities and those with a normal karyotype ([Fig. 1A](#F1){ref-type="fig"}, *P*=0.004). The median OS of patients with a complex karyotype with hypodiploidy was 15 months (95% CI, 0-37.2), which was significantly less than the 53 months (95% CI, 42.4-63.6) for patients with complex karyotypes without hypodiploidy ([Fig. 1B](#F1){ref-type="fig"}, *P*\<0.001). Hyperdiploidy, del(13q), 1q+, 14q32 rearrangement, t(11;14), t(4;14), and del(17p) affected the OS, but none of them exhibited statistical significance.

The OS of patients with del(13q) that was detected with conventional cytogenetics was 46.0 (95% CI, 25.1-66.9), which was compared to the median that was not reached for the patients with del(13q) that was detected by FISH and negative control ([Fig. 2](#F2){ref-type="fig"}). Statistical significance was observed between the findings with conventional cytogenetics and negative controls (*P*=0.009). The OS of patients with del(13q) that was detected by FISH did not exhibit a significant difference compared to negative controls (*P*=0.872). Therefore, cytogenetic del(13q) was more associated with poor prognosis than the others (*P*=0.008).

### 2) Univariate and multivariable analyses for the identification of significant prognostic variables

The ISS stage, several genetic variables, and other clinical parameters were assessed with a univariate analysis for survival in order to identify significant prognostic effects. The prognostic variables for the OS multivariable model included age, ISS, Hb levels, platelet counts, abnormal karyotype, complex karyotype, and hypodiploidy. Platelet counts (HR, 3.740; 95% CI, 0.989-14.137, *P*=0.035) and hypodiploidy (HR, 9.614; 95% CI, 2.251-41.060, *P*=0.008) were significant independent prognostic factors for OS based on the final multivariable model that was obtained by the stepwise selection of variables.

DISCUSSION
==========

Genetic abnormalities in MM, which are typically complex and represent a hallmark of the disease, involve many chromosomes that are altered both in number and structure. The standard diagnostic workups of these patients now include conventional cytogenetics to detect hypodiploidy and del(13q) and interphase FISH to detect 14q32 rearrangements, including t(11;14), t(4;14), t(14;16), hyperdiploidy, and del(17p) \[[@B14]\]. In this study, we demonstrated conventional cytogenetic abnormalities in 42.3% of the MM patients, which was increased to 63.1% of the patients after including the results that were determined by interphase FISH. Conventional cytogenetics detected abnormal chromosomes in as few as 26-40% of the cases due to the low proliferative activity of MM \[[@B15], [@B16]\], whereas interphase FISH in combination with cytoplasmic immunoglobulin staining or immunomagnetic separations of the plasma cells enable the detection of specific abnormalities in up to 86-98% of the patients \[[@B17]-[@B20]\]. The detection rates depended on the number of FISH probes, the plasma cell loads in the sample, and the selection procedures of the plasma cells. For del(13q), the sensitivity of conventional cytogenetics is lower compared to that of interphase FISH because of the slow division of neoplastic plasma cells, whereas FISH is independent of plasma cell division and has a higher yield of detecting genetic abnormalities \[[@B21], [@B22]\]. Recently, the European Myeloma Network has reported several recommendations for establishing standards for FISH analyses of newly diagnosed cases of MM. They suggested that the essential abnormalities are t(4;14), t(14;16), and del(17p), and at least 100 purified or specifically identified plasma cells should be scored \[[@B12]\].

The number of chromosomes has prognostic significance. Hypodiploidy is associated with poorer OS, while hyperdiploidy is better. Our data demonstrated that all patients with hypodiploidy were included in the complex-karyotype group. Interestingly, the prognoses of patients with hypodiploidy were worse than those with complex karyotypes without hypodiploidy. The incidence of hyperdiploidy was 16.9% with conventional cytogenetics, and the majority (9/22) of them revealed a low proportion of abnormal karyotypes (\<25%). This indicated that hyperdiploidy can be more effectively detected by interphase FISH than by conventional cytogenetics.

The 14q32 rearrangements are widely recognized prognostic parameters. However, t(11;14) is prognostically neutral or associated with a better prognosis, and t(4;14), t(14;16), and t(14;20) are associated with poor prognoses. Although the limited number of patients in this study restricted the clarification of the prognostic significance, t(11;14) was associated with higher albumin levels, which may be related to mild clinical manifestation. t(4;14) was more frequently found in old patients, and it was associated with del(13q) that was detected with conventional cytogenetics and that is a well-known intermediate risk factor \[[@B23]\].

Secondary genetic aberrations, including the translocation of *MYC*, del(13q), deletions and/or amplifications of chromosome 1, and del(17p), have been found with disease progression \[[@B24]\]. We detected 3% with *MYC* rearrangements, 26.9% with del (13q), 16.9% with 1q+, and 10.8% with del(17p). It is notable that 78.6% of cases with del(17p) also contained del(13q), and all of the cases with 1q+ were included in the complex-karyotype group. These genetic aberrations were associated with disease progression markers, including low Hb levels, low platelet counts, high Cr levels, and high plasma cell burden.

A number of associations of genetic abnormalities and clinical parameters have been reported. The t(11;14)(q13;q32) is related to lymphoplasmacytic morphology, CD20 expression, and specific subtypes, including IgM, IgE, and nonsecretory plasma cell myeloma \[[@B25], [@B26]\]. t(4;14) is related to patient ages over 60, IgA-type plasma cell myeloma, and genetic abnormalities, including del(13q) and hypoploidy \[[@B26], [@B27]\]. del(17p) is frequently found in patients with plasma cell leukemia, the involvement of the central nervous system, and poor prognoses \[[@B26]\].

Kumar et al. \[[@B13]\] have hypothesized that 14q32 rearrangements lead to the unbalanced production of light chains and more extreme abnormalities of FLC. They have demonstrated that an abnormal FLC diff and FLC ratio are frequently detected in patients with 14q32 rearrangements and are associated with poor prognosis, especially in patients with t(14;16). We demonstrated that the FLC ratios were higher in patients with 14q32 rearrangements. In addition, the FLC ratio and FLC diff were associated with 1q+ and plasma cell burden. These findings support the idea that an increase in the FLC is due to the cumulative effect of several events, such as genetic aberrations, including 14q32 rearrangements and 1q+ and plasma cell proliferative activity, rather than any single abnormality.

The risks of stratification and treatment strategies are being updated continuously. With the advances of FISH studies and with the increasing number of probes used, it has become clear that nearly all patients with MM have one or more abnormalities. The presence of trisomies that are detected by FISH in patients with high-risk cytogenetic abnormalities ameliorates the usual adverse impact of t(4;14), t(14;16), t(14;20), or del(17p) \[[@B20]\]. With the use of frontline bortezomib-based regimens, the poor prognostic impact of t(4;14) has been overcome \[[@B27]\]. In addition, bortezomib may effectively surmount the adverse impact of chromosomal 13 abnormalities. In 2012, t(4;14), karyotypic del (13q), or hypodiploidy were updated as intermediate-risk diseases instead of their designation as high risk in 2011 \[[@B28]\]. This study demonstrated that hypodiploidy and low platelet counts remained significantly independent prognostic factors, showing that the cumulative effects of genetic abnormalities and clinical parameters are more important for patient outcome than any single abnormality. Thus, more data accumulation of long-term follow-up studies is necessary for adequate risk stratification.
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Demographic, clinical, and laboratory parameters of 130 patients with multiple myeloma
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^\*^data available from 83 patients.

Abbreviations: BM, bone marrow; LCM, light chain myeloma; FLC ratio, free light chain ratio; FLC diff, free light chain difference; ISS, international staging system.
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Association of genetic abnormalities and clinical parameters
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Abbreviations: FLC ratio, free light chain ratio; FLC diff, free light chain difference; ISS, international staging system.
